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Abstract

Diabetic kidney disease (DKD) is the leading cause of end-stage renal failure in the western world. Current treatment of diabetic
kidney disease relies on nutritional management and drug therapies to achieve metabolic control. Here, we discuss the potential
application of hyperbaric oxygen therapy (HBOT) for the treatment of diabetic kidney disease (DKD), a treatment which requires
patients to breathe in 100% oxygen at elevated ambient pressures. HBOT has traditionally been used to diabetic foot ulcers
(DFU) refractory to conventional medical treatments. Successful clinic responses seen in the DFU provide the underlying
therapeutic rationale for testing HBOT in the setting of DKD. Both the DFU and DKD have microvascular endothelial disease
as a common underlying pathologic feature. Supporting evidence for HBOT of DKD comes from previous animal studies and
from our preliminary prospective clinical trial reported here. We report urinary metabolomic data obtained from patients under-
going HBOT for DFU, before and after exposure to 6 weeks of HBOT. The preliminary data support the concept that HBOT can
reduce biomarkers of renal injury, oxidant stress, and mitochondrial dysfunction in patients receiving HBOT for DFU. Further
studies are needed to confirm these initial findings and correlate them with simultaneous measures of renal function. HBOT is a
safe and effective treatment for DFU and could also be for individuals with DKD.

Keywords Diabetic kidney disease - Hyperbaric oxygen therapy - Biomarkers - Reactive oxygen species - Heme oxygenase -
Mitochondrial function - Chronic kidney disease

Introduction

In this paper, we explore a potentially novel treatment for diabetic
kidney disease (DKD), a major cause of end-stage renal disease
and death in individuals with diabetes mellitus (DM) (Toth-
manikowski and Atta 2015, United States Renal Data System,
2017). The treatment, hyperbaric oxygen therapy (HBOT), is a
systemic therapy that has already been shown to be effective in
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treatment of the diabetic foot ulcer (DFU), a common limb and
life-threatening complication of DM. Here, we present the ther-
apeutic rationale for HBOT of DKD and provide preclinical and
first-in-human data to support this hypothesis.

The International Diabetes Federation estimates that 46
million people in North America and 425 million people
worldwide are living with diabetes as of 2017 (International
Diabetes Federation 2017). These numbers are expected to
increase by 35% and 48%, respectively by the year 2045. Of
the 425 million people currently living with diabetes, 327
million (76.9%) are between the ages of 20 and 64 years
old. Type 2 diabetes accounts for nearly 90% of all cases in
high-income countries including the USA (Gallagher and
Suckling 2016). The diabetic state results from a combination
ofinadequate insulin production and a resistance by peripheral
tissues to the effect of insulin (insulin resistance—IR) leading
to pathologically elevated levels of blood glucose. IR may
precede DM, a condition known as the metabolic syndrome.
Both IR and the metabolic syndrome are linked to obesity. So
tightly linked are these pathologic states that some refer to a
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modern “diabesity” epidemic (Kalra 2013). These metabolic
abnormalities are characterized by systemic chronic inflam-
mation and oxidant stress which over time, lead to endothelial
cell damage and systemic vascular disease. All major compli-
cations of DM—retinopathy, ischemic cardiomyopathy,
DKD, and DFU are the direct result of this diabetic vasculop-
athy and this is driven by chronic hyperglycemia
(International Diabetes Federation 2017).

Chronic kidney disease (CKD) is defined as the gradual
decline in kidney function (glomerular filtration rate—GFR)
over time, affecting nearly 13% of adults (Darshi et al. 2016;
Gallagher and Suckling 2016). The leading cause of renal
failure or end-stage renal disease, (ESRD, stage V CKD) in
the western world is DKD. This is due to the high prevalence
of type 2 diabetes mellitus (T2DM) and because T2DM is six
times more likely to lead to DKD compared to non-diabetic
individuals (Flyvbjerg 2000; Altemtam et al. 2012; Gallagher
and Suckling 2016). A pathologic hallmark of DKD is the
presence of increased loss of proteins, especially albumin
through the renal filtration membrane (glomerulus). The glo-
merulus is made up of microvasculature and when damaged
by years of hyperglycemia, it begins to leak albumin into the
urine, a condition known as albuminuria. The presence of
DKD is considered to be the best predictor of mortality in
patients with DM (Toth-manikowski and Atta 2015).

Hyperglycemia is a precursor to the development of DKD.
This was first elucidated in 2001 by Brownlee when he de-
scribed that hyperglycemia leads to increased glycolysis, which
in turn upregulates several different pathways (Brownlee 2001).
The pathogenesis due to hyperglycemia results from an increas-
ing number of non-enzyme-related glycosylation of proteins,
with the resultant production of the pathologic species, so-
called advanced glycation end products (AGE), and a concom-
itant pathologic activation of protein kinase C as well as the
hexosamine and polyol pathways. These downstream biochem-
ical effects of hyperglycemia can induce chronic oxidative stress
and the prolonged activation of several pathologic signal trans-
duction pathways within kidney tissues and systemically. This
vascular and tissue damage then leads to the release of pro-
inflammatory and pro-fibrotic mediators (Gallagher and
Suckling 2016). Hyperglycemia activates the pro-
inflammatory transcription factor NF-kB. Because NF-«B is
localized to glomerular, interstitial, and tubular epithelial cells
in kidneys, hyperglycemia will directly increase its activity.
Increased NF-kB levels are correlated with proteinuria and in-
terstitial inflammatory cell filtration resulting in a positive feed-
back loop, perpetuating and even worsening albuminuria, and
declining GFR. Furthermore, it is recognized that cytokines such
as TNF and several interleukins are present in higher amounts in
diabetic kidneys reflecting the elevated inflammatory state and a
close association with increased urinary albumin excretion. This
inflammation can induce apoptosis of epithelial cells, which is
additionally toxic for renal cells (Toth-manikowski and Atta
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2015). Hyperglycemia also initiates the production and accumu-
lation of glycated biomolecules (Negre-Salvayre et al. 2009).
These glycation reactions can occur simultancously with the
generation of ROS in a process called glycoxidation. The dam-
age caused by glycoxidation is greater than the damage caused
by either oxidation or glycation alone (Islam et al. 2017).
Current treatment of DKD relies on the same basic metabol-
ic therapy used for diabetes in general which includes blood
pressure control, nutritional management, exercise, weight loss,
and drug therapy. Reduction of sugar consumption helps to
reduce general symptoms of diabetes, and salt intake is addi-
tionally important for DKD management as less salt in the
system will reduce blood pressure in DKD patients. Increased
salt intake increases blood pressure, which can cause kidney
damage due to the higher pressure of the blood flowing through
the kidneys. Angiotensin-converting enzyme (ACE) inhibitors
are often used in combination with angiotensin receptor blocker
(ARB) inhibitors to decrease the risk of developing end-stage
renal failure as they have a synergistic effect on blood pressure
and renin release to reduce proteinuria (Gallagher and Suckling
2016). In addition, other treatments have been pursued to target
different aspects of DKD progression. These include metabolic
inhibitors such as aldose reductase inhibitors (epalrestat), ad-
vanced glycosylation end product inhibitors (pyridoxamine),
hexosamine pathway inhibitors (azaserine), and inhibitors of
NF-kB (thiazolidinediones) or JAK/STAT (baricitinib) in the
inflammatory pathway (Toth-manikowski and Atta 2015).

Metabolomics and CKD/DKD

Recently, a new approach has been taken to study DKD.
Metabolomics is being used to help understand DKD and
CKD at a biochemical level. The need for a biochemical un-
derstanding of the disease stems from the lack of sensitivity
and specificity of current biomarkers. For example, high uri-
nary albumin is considered a hallmark of DKD, but is not
always seen in patients with diabetes-related renal impair-
ment. In addition, the lack of specific and omnipresent bio-
markers creates a clinical situation in which DKD is not diag-
nosed until the more advanced stages of the disease when
significant loss of GFR has already occurred. Metabolomics
is a system-based approach to profile the metabolic status of a
patient in vivo to aid in the identification of disease bio-
markers. It is a comprehensive way to identify and quantify
the end products of metabolic processes using small amounts
of readily available clinic samples, like urine (Darshi et al.
2016). Metabolomics can be done on blood plasma or urine,
which show different metabolic patterns. Plasma metabolo-
mics samples circulating metabolites, while urinary metabo-
lomics samples metabolic end products excreted by the kidney
(Solini et al. 2016). The application of metabolomics to hu-
man diseases is rapidly expanding. It is expected that this new
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technology will provide scientists with a new view of some
old and established disease processes, like DKD.

Recently, a unique signature has been characterized for
DKD using metabolomics (Darshi et al. 2016). Changes in
the urinary metabolites observed in DKD patients likely arise
from changes in both systemic metabolism and local kidney
damage typical of the diabetic state. DKD is linked to mito-
chondrial dysfunction, such as reduced mitochondrial biogen-
esis and function, which gives rise to an array of metabolic
changes including organic acids, TCA cycle, urea cycle, lipid
metabolism, and amino acid metabolism (Posada-Ayala et al.
2014; Darshi et al. 2016). Typical DKD-associated bio-
markers include creatinine, aspartic acid, citrulline, and
kynurenine, which increase and azelaic acid and galactaric
acid which decrease with disease (Hirayama et al. 2012).
Some metabolites may reflect a decline in kidney function
(Ng et al. 2012). These authors found 11 metabolites which
have a strong association with estimated glomerular filtration
rate (¢éGFR). The strongest predictors of functional decline
were octanol, oxalic acid, phosphoric acid, benzamide, crea-
tine, 3/5 dimethoxymendelicamide, and N-Acetyl glutamine.
Altered tryptophan metabolism, including acyl carnitines, has
also been identified as predictors of progression of DKD and
albuminuria (van der Kloet et al. 2012). Finally, a recent study
identified seven metabolites as a urinary metabolomic signa-
ture of DKD (Posada-Ayala et al. 2014). These metabolites
included an increase in glutamate, guanidinoacetate, alpha-
phenylacetylglutamine, and trimethylamine N-oxide and a de-
crease in 5-oxoproline, taurine, and citrate. These urinary met-
abolic changes associated with DKD provide investigators
with new clues into the mechanism of disease and provide a
non-invasive biomarker library to guide future clinical studies.

HBOT current clinical practice

Hyperbaric oxygen therapy (HBOT) is a therapy currently
used for the treatment of 14 diagnoses selected by the
Undersea and Hyperbaric Medicine Society (UHMS) and
the Center for Medicare and Medicaid Services (CMS) includ-
ing carbon monoxide poisoning, air and gas embolisms, dia-
betic foot ulcers, radiation tissue injury, and other chronic
wounds (Gill and Bell 2004; Godman et al. 2010). HBOT is
100% oxygen administered inside a rigid hyperbaric chamber
at pressures above 1 atm (760 mmHg) (Al-Waili and Butler
2006). HBOT increases the level of oxygen in tissues by com-
plete saturation of hemoglobin and increasing the partial pres-
sure of oxygen dissolved in plasma. This enables oxygen to
diffuse into tissues compromised by acute inflammation and
microvascular disease and dysfunction. HBOT when admin-
istered at 2.0 atm will increase the total amount of oxygen
carried within the bloodstream by 10-fold. Oxygen dissolved
in plasma will increase from 3 ml/L when breathing 21%

oxygen at 1 atm pressure to 52 ml/l when breathing 100%
oxygen at 2.4 atm (Gill and Bell 2004).

A result of breathing in 100% oxygen at high pressure is
the increased production of reactive oxygen species, or ROS.
ROS at high levels can be damaging to tissues, but at lower
levels, they can act as signaling molecules in a variety of
different signaling cascades for growth factors, hormones,
and cytokines (Thom 2011). ROS can also stimulate a number
of cellular antioxidant and proteotoxic defense systems.
During the exposure of patients to HBOT, the levels of oxygen
in all tissues, including hypoxic tissues, are rapidly increased
(Verma et al. 2015). This leads to the activation of fibroblasts
and mobilization of macrophages and bone marrow—derived
vascular endothelial cells. These cellular responses further
stimulated neoangiogenesis and vasculogenesis within tis-
sues. These complex cellular and tissue responses are known
to support tissue repair and wound healing within chronic
ulcerations due to diabetes and radiation tissue injury (Al-
Waili and Butler 2006). Finally, HBOT has been shown to
synergize with many conventional drug therapies and thereby
increase treatment efficacy (Thom 2011).

Inflammatory hypoxia is recognized as a common barrier
to reparative responses in many chronically diseased tissues,
from autoimmune inflammatory conditions to chronic
wounds and many solid tumors (Eltzschig and Carmeliet
2011; Colgan et al. 2013; Perdrizet 2017). HBOT activates
anti-inflammatory mechanisms by suppressing NF-kB ex-
pression and reducing levels of TNF and IL-1B. We recently
demonstrated this effect in an obese rodent model of T2DM
(Weisz et al. 1997; Verma et al. 2015; Meng et al. 2016; Liu
etal. 2018). After exposure to HBOT, pro-inflammatory stim-
ulus-induced cytokine production is transiently repressed,
whereas cytokine release by unstimulated and lipopolysaccha-
ride challenged macrophages is increased. IFNy, an anti-
angiogenic cytokine, is markedly decreased following
HBOT. TNF levels are similarly decreased after HBOT treat-
ment, which helps in the repair following ischemia-
reperfusion injury (injury resulting from the return of blood
flow to an area that previously lacked blood flow and oxygen).
HBOT also works to reduce prostaglandin production, which
normally induce inflammation pain, swelling, and increased
sensitivity to pain. The inhibition of this PG pathway is there-
fore hypothesized to play a role in HBOT’s anti-inflammatory
effect and ability to reduce pathologic tissue edema
(Rachmilewitz et al. 1998). This anti-inflammatory-HBOT
effect is comparable to treatment with corticosteroids however
without the negative side effects of the later (especially immu-
nosuppression and hyperglycemia) (Al-Waili and Butler
2006). It may seem paradoxical that HBOT reduces inflam-
matory signaling, while increasing ROS production. As
discussed below, the key finding in solving this paradox is
the ability of HBOT-generated ROS to stimulate cellular anti-
oxidant defense systems to suppress the “spread” of
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inflammation in the tissue. ROS are not all alike; those gener-
ated by an anti-inflammatory response vs those associated
with hyperoxia do not have equivalent physiologic effects.
HBOT also stimulates the production of new blood vessels
and their supporting collagenous matrix, by stimulating angio-
genesis in response to hyperoxia (Sheikh et al. 2000). HBOT
increases localized angiogenic stimuli to mobilize, recruit, and
differentiate bone marrow—derived circulating stem and endo-
thelial cells, which promote tissue neoangiogenesis and
vasculogenesis. One mechanism by which HBOT induces
neoangiogenesis is through induction of nitric oxide synthesis
within the bone marrow, leading to the mobilization of CD34+
endothelial progenitor cells (EPC) (Thom et al. 2006). EPC
and other stem cells are shown to home to ischemic tissues by
a SP-1-dependent mechanism. Once established, progenitor
cells differentiate and recruit other reparative cell types
through release of soluble mediators locally. Paradoxically,
HBOT elevates hypoxia inducible factor in EPCs, where they
then act to stimulate genes, such as VEGF, involved in neo-
vascularization (Sheikh et al. 2000; Thom 2011).

Theory supporting HBOT use for DKD

HBOT has been used to successfully treat diabetics with se-
vere foot ulcers (Wagner Grades 3 and 4). Improved healing
results in limb salvage. Randomized controlled clinical trials
have shown a statistically significant reduction in major am-
putation rates in the setting of DFU (Londahl 2013). It also
improves DFU healing, with an odds ratio of 11.6:1 (Thom
2011). If the underling pathophysiology of DM complications
is due to vascular disease, then DFU and DKD could be con-
sidered tissue-specific manifestations of the same underlying
pathology. If HBOT is able to restore vascular health to the
lower extremity and result in an effective tissue-reparative
response, might not this response also provide benefit to the
kidney developing DKD? We have demonstrated in an obese
rodent model of T2DM that HBOT can reduce Caspase 3
activity in urine samples compared to sham-treated animals.
We observe that therapeutic HBOT exposure activates the
cytoprotective pathways within the renal tissue which, in con-
junction with the known anti-inflammatory and
cytoproliferative effects may affect renal repair (Verma et al.
2015). The concept of HBOT-related protection and repair of
renal tissues is supported by our novel finding that HBOT
upregulates NRF2-dependent antioxidant pathways with in
tissues of the obese T2DM mouse. Furthermore, the family
of molecular chaperones (HSPs and hemoxygenase-1) which
plays critical roles in protein folding and attenuation of oxida-
tive damage in tissues was also activated by HBOT (Rothfuss
etal. 2001; Godman et al. 2010). These protective antioxidant
genes may be repressed due to tissue hypoxia within or adja-
cent to the site of tissue damage and inflammation. The
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problem of inflammatory hypoxia that is known to drive many
chronic inflammatory diseases is likely an important compo-
nent in the complex pathophysiology of DKD (Fu etal. 2016).
Furthermore, the renal tissue, due to the need to preserve very
high osmolar concentration gradients via a process of counter-
current exchange may be uniquely vulnerable to tissue hyp-
oxia, especially medullary hypoxia. We suggest that oxygen is
the only drug that is capable of directly reversing pathologic
hypoxia within the renal medullary tissues.

In 2015, Verma et al. reported a study using db/db mice (a
leptin deficient, obese, T2DM mouse model), that tested the
hypothesis that HBOT may reduce DM-associated renal dam-
age. A variety of different urinary biomarkers (NAC, NGAL,
KIMI1, CyC) were tested in this study, which demonstrated
that 20 weeks of HBOT provided a cytoprotective effect with-
in renal tissue. In particular, HBOT reduced the urinary levels
of CyC, the biomarker most closely related to tubule function-
ing and an indicator of glomerular filtration rate. This is indic-
ative of suppression of tissue damage in both glomeruli and
proximal convoluted tubules and resultant maintenance of
kidney functioning. In addition, neutrophil gelatinase-
associated lipocalin (NGAL), a renal marker of injury from
ischemia and inflammation, was found to be a particularly
sensitive responder to HBOT. NGAL levels decreased follow-
ing HBOT suggesting a repair of early damage associated with
DKD in this mouse model (Verma et al. 2015). HBOT at 2.4
ATA significantly decreased the albumin to creatinine ratio
db/db mice compared to untreated controls and is consistent
with reduced glomerular membrane damage. These results
were considered to be consistent with protection of the micro-
vascular glomerular filtration membrane, even though GFR
itself was not directly studied.

Increased glucose concentration in the db/db mice leads to
the generation of excess ROS from mitochondria, ER, and
oxygen-utilizing enzymes of the NADPH oxidase family.
These ROS seem to underlie the creation of chronic inflam-
mation that can lead to end-stage renal failure (ESRD). It is
interesting to note that hypoxia and HBOT both increase
ROS, which underlies some of the pathogenesis of DKD
and progression to ESRD. Verma et al. 2015 address this par-
adox by suggesting that HBOT delivers the oxygen-saturated
blood into tissues, restoring normal oxygen levels, thereby
reducing endogenous, pathologic ROS production. This may
happen by preventing the excessive loading of electron car-
riers in the electron transport chain in mitochondria. The elec-
tron carriers become overloaded in hypoxic states, and transfer
extra electrons to oxygen when it periodically appears. These
then become the toxic ROS (Nathan 2008). HBOT in turn
works to reduce the production of endogenous ROS by restor-
ing normal oxygen levels within tissues and decreasing the
load on electron carriers through tissue (mitochondrial) oxy-
genation, thereby reducing the amount of pathologic ROS
(Verma et al. 2015; Zhou et al. 2018). HBOT enables oxygen



Might hyperbaric oxygen therapy (HBOT) reduce renal injury in diabetic people with diabetes mellitus? From... 1147

to penetrate compromised and diseased tissues and thereby
improves mitochondrial function and with it restores tissue
bioenergetics to support healing (Zhou et al. 2018).

There are many differences between diabetic foot ulceration
and diabetic kidney disease. We do wish to re-emphasize that
the hyperglycemia of diabetics has a systemic effect which
causes widespread vascular disease, both macrovascular and
microvascular, and it is this underlying vasculopathy that is
the fundamental basis for the organ and tissue-specific manifes-
tations of the diabetic complications—retinopathy, nephropa-
thy, neuropathy, cardiovascular disease, and cerebrovascular
disease. This fundamental diabetic vasculopathy is also the spe-
cific target of HBOT, a systemic treatment. Large, well-
powered randomized controlled trials are needed to determine
the ultimate efficacy and real-world effectiveness of this treat-
ment. Unfortunately, wounds may not heal and amputations
may be performed and neither may be the direct result of a
failure in the biologic healing response. The complex nature
of this problem underlies the ongoing controversy about the
effect of HBOT on clinical wound healing rates and lower
extremity amputation rates (Santema et al. 2018; Margolis
et al. 2013; and related editorials).

Current study data

A prospective study of 35 diabetic patients receiving HBOT
for the treatment of a DFU was designed to determine if 30
HBOT sessions (2.4 atm, 90 min per session, daily 4-5 days/
week) could alter the urinary metabolomic profile of these
unselected patients by comparing pretreatment to post-
treatment urinary samples. During the study, all patients re-
ceived the standard of care for their diabetes and foot ulcers.
The working hypothesis was that HBOT would improve met-
abolic markers related to oxidant and inflammatory tissue in-
jury, especially those known be altered in DKD, namely mi-
tochondrial metabolites. A secondary hypothesis was that im-
provement in metabolomic profiles would be associated with
reduced albuminuria as measured by the urinary albumin: cre-
atine ratio. This preliminary report presents data from the ini-
tial 17 patients enrolled in this IRB committee approved study.
After providing written informed consent for research, pa-
tients were treated with daily HBOT sessions, 4-5 days per
week for an average of 30 total sessions. During each session,
patients breathed 100% oxygen at 2.4 atm within a multiple-
person hyperbaric chamber for 90 min per session. Patient
samples were collected before the first and after the 25-30th
treatment session. All collected samples were immediately
placed on ice and then frozen at — 80 °C within 2 h. All sam-
ples underwent preliminary point of care testing to rule out
acute urinary tract infection or hemorrhage. One sample tested
positive for infection and was excluded from this study.
Samples were then transported on dry ice over night to

Metabolon Corp., Research Triangle Park, NC for analysis
of 778 compounds of known identities and then performed
proprietary analysis.

Metabolon Corp. prepared the samples using the MicroLab
STAR system from Hamilton Company. Several controls were
implemented in the analysis such as a pooled mixture of all
samples, water blanks, and QC standards. Ultrahigh perfor-
mance liquid chromatography and tandem mass spectroscopy
were performed on each sample. Bioinformatics was performed
using Laboratory Information Management System (LIMS) so
that there could be fully auditable laboratory automation. Data
could then be extracted and compounds could be identified
through comparison to library entries from purified standards.

Of the 778 metabolites, 18 were identified that significantly
changed after HBOT exposure (p <0.05), with 13 increasing and
5 decreasing. Another 26 metabolites were identified for their
trending toward significance (0.05 < p < 0.10), with 23 increasing
and 3 decreasing. Of the metabolites showing significant changes
after HBOT exposure, many that increased after treatment were
lower in the diabetic urine before treatment when compared to the
control urine. These results are displayed in Table 1.

After HBOT treatment was completed, there was an increase
in the oxidative stress marker methionine sulfoxide (1.42, 0.05 <
»<0.10) and an increase in L-urobilin (13.46, p <0.05), which is
a heme degradation product. The combination of these two me-
tabolites being present in the urine after treatment is consistent
with the induction of oxidative stress. Although an increase in
ROS is suggested to play a role in the pathogenesis of DKD, it
has been noted that physiologic levels of ROS can have a positive
effect on the body, especially in relation to cell signaling and the
activation of protective stress-response genes through Nrf2 and
HSF (Coughlan and Sharma 2016). Physiological ROS signaling
is seen as beneficial whereas pathological ROS regaling can be
damaging. ROS can act as second messengers to aid in the ho-
meostasis of cellular function through regulation of important
pathways (Coughlan and Sharma 2016). The increase in ROS
seen here is a good parallel to the 2015 Verma study where it
was hypothesized that HBOT leads to better delivery of oxygen-
saturated blood to tissues in order to normalize oxygen levels,
thereby decreasing production of endogenous ROS. They pro-
posed that HBOT produced low levels of ROS that stimulated
cellular antioxidant defenses, which suppressed excessive ROS
generation associated with the inflammatory response.
Additionally, HBOT increases cytoprotection through decreasing
expression of the HSPA1A (heat shock protein), preventing pro-
tein denaturation (Verma et al. 2015). The concomitant decrease
in vitamin C metabolites, such as ascorbate (0.79, p <0.05), fol-
lowing HBOT suggests that there is an increase in the detoxifica-
tion of oxygen radicals or potentially better tubular reabsorption
of vitamin C. This observation is consistent with increased oxi-
dative signaling and antioxidant defenses arising from higher tis-
sue oxygen tensions after HBOT exposure (Rothfuss et al. 2001;
Bader et al. 2007) (Fig. 1).
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Table 1 List of metabolites showing statistical difference after HBOT treatment

Fold of change —

Super Pathway Sub Pathway Biochemical Name osmolalitgfol;(;rmalized
PRE
Amino Acid Histidine metabolism trans-urocanate 0.85
Amino Acid Tyrosine Metabolism 4-hydroxycinnamate sulfate 0.92
Amino Acid Leucine, Isoleuc.lne, Valine 3-hydroxyisobutyrate 1.32
metabolism
. . Methionine, Cysteine, SAM .
Amino Acid and Taurine Metabolism cysteine s-sulfate 1.47
Peptide Gamma-glutamyl Amino Acid gamma-glutamyltyrosine 1.33
Lipid Fatty Acid, dicarboxylate dimethylmalonic acid 1.63
Lipid Fatty Acid, dicarboxylate glutarate (C5-DC) 2.90
Lipid Androgenic steroids dehydroeplandfosterone 0.84
glucuronide
. Secondary Bile Acid
Lipid metabolism glycoursodeoxycholate 3.50
Lipid Secondary B.l le Acid ursocholate 7.42
metabolism
Co-facto¥s and Ascorbate and' Aldarate ascorbate (Vitamin C) 0.79
vitamins Metabolism
Purine Metabolism
Nucleotide (Hypo)Xanthine/Inosine 1-methylhypoxanthine 1.40
containing
Co-f.actOFs and Hemoglobin anq Porphyrin Leurobilin 13.46
vitamins Metabolism
3-(3-
Xenobiotics Benzoate Metabolism hydroxyphenyl)propionate 1.75
sulfate
Xenobiotics Xanthine Metabolism theophylline 2.29
Xenobiotics Food Compenent/plant 2-piperidinone 6.26
Xenobiotics Food Compenent/plant glucoheptose 0.77
Xenobiotics Drug - Analgesics, Anesthetics 3-(cyst§1n-S- 1.29
yl)acetaminophen*
Amino Acid Histidine metabolism 1-methylhistamine 0.90
Amino Acid Lysine Metabolism lysine 1.47
Amino Acid Lysine Metabolism 5-hydroxylysine 2.00
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Table 1 (continued)

Amino Acid Lysine Metabolism N-acetyl-cadaverine 2.36
Amino Acid Tyrosine Metabolism tyrosine 1.20
Amino Acid Tyrosine Metabolism N-acetyltyrosine 1.30
Amino Acid Tyrosine Metabolism 3,4-dihydroxyphenylacetate 0.88
Amino Acid Tryptophan Metabolism anthranilate 1.34
Amino Acid Methionine, Cysteine, SAM methionine sulfoxide 1.42
and Taurine Metabolism
. . Methionine, Cysteine, SAM . .
Amino Acid and Taurine Metabolism S-methylcysteine sulfoxide 1.66
Amino Acid Urea cycle; Arglnll.le and N-delta-acetylornithine 1.38
Proline Metabolism
Peptide Gamma-glutamyl Amino Acid gamma-glutamylleucine 2.16
Glycolysis, Gluconeogenesis, .
Carbohydrate and Pyruvate Metabolism 1,5-anhydroglucitol (1,5-AG) 10.77
energy TCA cycle 2-methylcitrate 0.89
Lipid Fatty Acid, dicarboxylate 3-methylglutarate/2- 1.43
methylglutarate
. Fatty Acid Metabolism (acyl .
Lipid et heptanoyl glycine 1.56
Lipid Fatty Acid, monohydroxy 7-hydroxyoctanoate 1.07
Nucleotide Pyridimine Meta'lb.ohsm, Uracil 5,6-dihydrouracil 1.48
Containing
Xenobiotics Benzoate Metabolism 3-hydroxyhippurate 1.79
Xenobiotics Food Compenent/plant methyl indole-3-acetate 4.41
Xenobiotics Drug - Analgesics, Anesthetics 3-(N-acetyl-L-cystem-S-yl) 1.35
acetaminophen
Xenobiotics Drug - Analgesics, Anesthetics 4-acetaminophen sulfate 2.40
Xenobiotics Drug - Analgesics, Anesthetics 4 1.93
& & ’ acetamidophenylglucuronide ’
Xenobiotics Drug - Analgesics, Anesthetics 2-hydroxyacetaminophen 1.36
sulfate*
Xenobiotics Drug - Analgesics, Anesthetics 2-methoxyacetaminophen 1.64
sulfate*
Xenobiotics chemical 3-acetylphenol 1.90

White background represents p <0.05, gray is 0.05 <p <0.10. Red text represents an increase in change and green shows a decrease
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Fig. 1 Cellular and tissue effects
of HBOT related to kidney
protection. Effects elucidated
through the metabolomic analysis

Increased renal
glucuronidation

Kidney
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Many small organic acids were increased in concentration
following HBOT treatment. These included dimethylmalonic
acid (1.63, p<0.05), glutarate (2.90, p<0.05), 3-
methylglutarate/2-methylglutarate (1.43, 0.05 <p <0.10), and
3-hydroxisobuyrate (1.32, p<0.05). Glutarate, 3-
methylglutarate/2-methylglutarate and 3-hydroxybutyrate are all
known products of mitochondrial protein catabolism and fatty
acid catabolism, processes which take place in the mitochondria
(Sharma et al. 2013). In previous metabolomic studies involving
diabetic patients, metabolites from the citric acid cycle, pyrimi-
dine metabolism, amino acid metabolism, and fatty acid are all
decreased in diabetic patients with DKD compared to diabetic
controls without renal damage. Many of these metabolites are
produced in the mitochondria, which suggests that there is a
decline in the functioning of the mitochondria in patients with
DKD (Coughlan and Sharma 2016). The relative increase in
these small organic metabolites may be indicative of better mi-
tochondrial functioning after HBOT treatment.

Changes in mitochondrial function have major consequences
for the cell’s ability to maintain cellular energy homeostasis. As
more metabolomic data begins to emerge through further studies
such as those mentioned above and the data presented later in this
paper, it may be useful to compile a “caloristasis network”
(Bonorino et al. 2018). There is a critical link between proteostasis
and cellular energy homeostasis, as protein metabolism is the
most energy-expensive process in most cells (Lindqvist et al.
2018). This term “caloristasis network” can be used to encompass
the metabolic pathways and processes that contribute to the pro-
duction, maintenance, and use of cellular energy. This network
will echo and overlap the widely studied proteostasis network.

Glucuronidation is the process responsible for pharmacolog-
ical drug metabolism, relying on a series of oxidation and con-
jugation reactions (Hoyumpa and Schenker 1991). This process
occurs primarily in the liver, but also takes place in the kidneys
(Vree et al. 1992). The data show that many glucuronidated
molecules are elevated post-HBOT exposure, including 4-
acetaminophenylglucuronide (1.93, 0.05 <p <0.10) and a few
partially characterized glucuronidated molecules. This is indic-
ative of potential increases in renal glucuronidation or increased
renal clearance of glucuronidated products. Changes in
glucuronidation may play a role in the development of DKD,
but further studies are needed to confirm whether or not HBOT
increases glucuronidation (Zhao et al. 2012).

@ Springer

L

Improved
mitochondrial
function

- Caloristasis and Proteostasis

Two products of secondary bile acid metabolism, uroscholate
(7.42, p <0.05) and glycoursodeoxycholate (3.50, p <0.05), in-
crease after HBOT. Bile acids are typically absorbed and excret-
ed by the liver, but can occasionally escape hepatic reabsorption.
If this is the case, bile acids can be filtered by the kidney and
reabsorbed in the proximal tubule. The fact that two bile acid
products are increased in the urine after HBOT may indicate
changes in bile acid synthesis, microbiome changes in the gas-
trointestinal tract, a decrease in hepato-portal bile acid reuptake,
increased renal clearance, or a decrease in the renal reabsorption
(Ballatori et al. 2005). There is evidence that bile salts might be
toxic to the renal tubules (Fickert et al. 2013). However, only
these two bile acids significantly changed (p < 0.10) out of the 11
secondary bile acid metabolites and 7 primary bile acid metabo-
lites, making it difficult to say what implication this finding has
on understanding HBOT effects.

The metabolomic data also suggest that HBOT may lead to an
altered collagen metabolism, with the type I collagen/remodeling
metabolite 5-hydroxylysine (2.00, 0.05 <p <0.10) showing an
increased level in urine post-treatment (Yamauchi and
Sricholpech 2012). Type IV collagen is linked to a decline in
kidney function as increases in type IV collagen are highly corre-
lated with albuminuria. Type I collagen however has not been
closely linked to DKD, leading to the puzzling question of how
type I collagen fits into the DKD picture (Jha et al. 2016). Of note,
HBOT increases tissue repair and collagen deposition in the con-
text of wound healing (André-Lévigne et al. 2017), so this finding
may be reflective of a systemic increase in tissue remodeling. Still,
not all collagen metabolites changed, again suggesting further
study is necessary to better understand the complex relationship
of collagen synthesis to DKD and HBOT. In addition, 5-
hydroxylysine is a vitamin C—dependent product. The finding
of increased 5-hydroxylysine is interesting in light of a concom-
itant reduction in vitamin C levels associated with HBOT. This
may be an indication that more ascorbate (vitamin C) is used in
producing collagen, thereby reducing ascorbate concentrations
but increasing collagen metabolites (Murad et al. 1981).

Conclusion

After 1 month of daily HBOT treatments for DFU, this prelim-
inary metabolomic analysis shows that significant changes are
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present within the T2DM patient compared to healthy, non-
diabetic control and that these changes responded to HBOT.
Other biochemical effects of HBOT identified by this report in-
clude increased antioxidant defenses, increased renal (the liver
does this, I believe) glucuronidation, changes in bile acid levels,
and altered collagen synthesis. HBOT resulted in an increase in
mitochondrial metabolites and suggests an increase in mitochon-
drial function. The current study is in the final stages of patient
recruitment with a goal to obtain a total n = 35. At this point, it is
reasonable to state that HBOT, in the setting of DFU, has both a
systemic and pleiotropic effect on an array of metabolites.
Correlation with organ function and clinical outcomes is needed.
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